ABSTRACT: Polynuclear transition metal complexes, which frequently constitute the active sites of both biological and chemical catalysts, provide access to unique chemical transformations that are derived from metal− metal cooperation. Reductive elimination via ligand-bridged binuclear intermediates from bimetallic cores is one mechanism by which metals may cooperate during catalysis. We have established families of Rh 2 complexes that participate in HX-splitting photocatalysis in which metal−metal cooperation is credited with the ability to achieve multielectron photochemical reactions in preference to singleelectron transformations. Nanosecond-resolved transient absorption spectroscopy, steady-state photocrystallography, and computational modeling have allowed direct observation and characterization of Cl-bridged intermediates (intramolecular analogues of classical ligand-bridged intermediates in binuclear eliminations) in halogen elimination reactions. On the basis of these observations, a new class of Rh 2 complexes, supported by CO ligands, has been prepared, allowing for the isolation and independent characterization of the proposed halide-bridged intermediates. Direct observation of halide-bridged structures establishes binuclear reductive elimination as a viable mechanism for photogenerating energetic bonds.
■ INTRODUCTION
Polynuclear transition metal sites commonly comprise redox catalysts in biological and chemical settings. In Nature, multielectron redox transformations, such as O 2 and H + reduction, 1,2 H 2 O oxidation, 3 and N 2 fixation, 4 are carried out at polynuclear metal cofactors. 5 In heterogeneous catalysis, high-nuclearity surface features, such as step edges and defects that are capable of interacting with substrates via multipoint binding, are often proposed as catalyst active sites. 6−9 With the aim to harness the potential of multiple reaction centers in proximity to accomplish multielectron chemical transformations, synthetic chemists have targeted development of specific ligand-supported multinuclear catalyst sites. 10−12 Accomplishing small molecule activation reactions relevant to energy conversion schemes mandates development of catalysis of multielectron, multiproton reactions. We have been particularly interested in development of HX-splitting photocatalysis, which, like H 2 O-splitting schemes, stores substantial energy but has the advantage that only two proton/electron equivalents need to be managed to accomplish a closed photocycle in contrast to the four implicit in H 2 O splitting. 3, 13, 14 In this context, we have developed a family of two-electron mixed-valent dirhodium HX-splitting photocatalysts (i.e., Rh 2 [I,III] complex 1, Figure 1 ) predicated on the hypothesis that two-electron mixed valency can engender molecular excited states with the proclivity to engage in twoelectron redox transformations. 15, 16 These complexes have proven to be adept at multielectron photoreactions; H 2 -evolving photocatalysis has been realized in which formal halogen elimination reactions close the catalytic cycle. 17, 18 The challenge in developing HX-splitting chemistry is the halogen elimination half reaction, which has been the bottleneck to development of HX-splitting photochemistry. Only recently has mechanistic information regarding this reaction from dirhodium complexes become available. Nanosecond-resolved transient absorption (TA) spectroscopy of halogen photoelimination reactions from a pair of valence isomers, two-electron mixed-valent complex 1 and valencesymmetric complex 2, revealed photoelimination via a common intermediate. We proposed this intermediate to be Cl-bridged binuclear complex 3, generated by photoextrusion of an isocyanide ligand (L, Figure 1 ) and migration of a Cl ligand to a bridging position. 19 Intermediate 3 represents an intramolecular analogue of ligand-bridged intermediates proposed in binuclear elimination reactions. 20, 21 We now utilize photocrystallography to provide direct information regarding structural changes associated with intermediates of consequence to halogen elimination. Together with solution-phase and solid-state transient absorption and DFT modeling, we establish that halide-bridged intermediates are the critical intermediates of halogen elimination from twoelectron bimetallic cores. Complementary synthesis of a new suite of dirhodium complexes allowed isolation and independent evaluation of the chemistry of the halide-bridged bimetallic complexes. Direct observation of halide-bridged structures establishes binuclear reductive elimination as a critical pathway for metal-halide bond activation.
■ EXPERIMENTAL SECTION
General Considerations. All reactions were carried out in an N 2 -filled glovebox. Anhydrous solvents were obtained from drying columns. 22 Photochemistry. Steady-state photochemical reactions were performed using a 1000 W high-pressure Hg/Xe arc lamp (Oriel), and the beam was passed through a water-jacketed filter holder containing the appropriate long-pass filter, an iris, and a collimating lens. Samples were photolyzed in a constant-temperature circulating water bath (23°C). Nanosecond transient absorption (TA) measurements were made using a previously described home-built system. 25 Solution-phase TA measurements were performed on THF solutions of 1 and 2, and solid-state TA measurements were performed on samples prepared by drop-casting solutions of 1 and 2 (from either CH 2 Cl 2 or THF) on glass slides and allowing them to dry under ambient conditions for 1 h. All TA measurements were carried out at 23°C.
X-ray Crystallographic Details. X-ray structures of complexes 3 and 6−10 and variable-temperature (VT) X-ray data were collected on a Bruker three-circle platform goniometer equipped with an Apex II CCD and an Oxford cryostream cooling device operating between 100 and 275 K. Radiation was from a graphite fine focus sealed tube Mo Kα (0.71073 Å) source. Crystals were mounted on a glass fiber pin using Paratone N oil. Data was collected as a series of φ and/or ω scans. Data was integrated using SAINT and scaled with multiscan absorption correction using SADABS. 26 The structures were solved by intrinsic phasing using SHELXT (Apex2 program suite, v2014.1) and refined against F 2 on all data by full matrix least-squares with SHELXL-97. 27 All non-hydrogen atoms were refined anisotropically. H atoms were placed at idealized positions and refined using a riding model. Crystal data and refinement statistics are summarized in Tables 1 and  S1 , and thermal ellipsoid plots are collected in Figures 5, 7 , and S15. Powder diffraction experiments were carried out with a Bruker D2 Phaser using a Cu anode.
Photocrystallography data was collected using 0.41328 Å radiation at temperature of 15 K (Oxford Diffraction Helijet) on a vertical 
where n is the number of data and p is the number of parameters refined.
mounted Bruker D8 three-circle platform goniometer equipped with an Apex II CCD at ChemMatCARS located at the Advanced Photon Source (APS), Argonne National Laboratory (ANL). Illumination was provided by a Thorlabs 365 nm LED (M365L2) and was delivered to the sample via a 100 μm i.d. fiber optic. Dark structures were solved and refined as described above. For data sets obtained during irradiation, non-H atoms of the product were located in differenceFourier maps, calculated with coefficients F 0 (irradiated) − F 0 (dark), and then refined with constraints on the product molecule's atomic displacement parameters to the corresponding values of the reactant molecule (EADP instructions of SHELXL97). The percentage of the reactant in the crystal was treated as a variable in the refinements.
Computational Details. B3LYP 28−30 calculations were performed using the Gaussian 09, revision D.01, suite of software. 31 Model complexes in which adamantyl isocyanide ligand was replaced with a methyl isocyanide and the bridging tfepma ligands were replaced with bis(fluoromethoxyphosphino)methylamine (fmpma) ligands were used in all computations. These model structures are less severe truncations than have previously been employed in computational investigations of phosphazane bridged dirhodium complexes. 32−34 Gas-phase geometry optimizations and TD-DFT calculations were carried out using an SDD basis set for Rh 35 −4 mol, 2.00 equiv) dropwise as a THF (2 mL) solution. The reaction mixture was stirred at 23°C for 1 h, during which time evolution of bubbles was observed and the color of the reaction mixture turned from orange to dark red. Complex 6 was not isolated as a solid because removal of solvent led to a mixture of Rh 2 (tfepma) 2 (CO) 2 Cl 2 (6) and Rh 2 (tfepma) 2 (μ-CO)Cl 2 (9) and thus solution characterization ( 1 H NMR, 19 F NMR, 31 P NMR, and UV− vis) was carried out using the reaction solution without further purification. On the basis of integration of the 1 H NMR spectrum against hexamethylbenzene (internal standard), the yield of 6 was 98%. 1 Rh 2 (tfepma) 2 (CO) 2 Cl 4 (7). To a solution of [Rh(CO) 2 Cl] 2 (44.0 mg, 1.13 × 10 −4 mol, 1.00 equiv) in PhCH 3 (5 mL) at 23°C was added tfepma (110 mg, 2.26 × 10 −4 mol, 2.00 equiv) dropwise as a PhCH 3 (1 mL) solution. The reaction mixture was stirred at 23°C for 1 h, during which time evolution of bubbles was observed and the color of the reaction mixture turned from orange to dark red. PhICl 2 (46.6 mg, 1.70 × 10 −4 mol, 1.50 equiv) was added as a solid.
31
P NMR analysis of an aliquot of the reaction mixture showed the presence of two 31 P NMR signals (multiplets at 105.3−104.5 and 102.2−101.5 ppm) in a 2:1 ratio, assigned as trans-7 and cis-7, respectively ( Figure  S6 ). Heating the reaction mixture at 70°C for 2 h resulted in the conversion of trans-7 to cis-7. The reaction mixture was cooled to −30°C for 1 h, at which time a precipitate was observed. The solvent was decanted, and the residue washed with pentane and dried in vacuo to afford 123 mg of the title complex as a yellow solid in 79% yield. trans- (8) . A thin film of trans-7 (47.0 mg, 3.41 × 10 −4 mol, 1.00 equiv) was deposited on the wall of a twochamber photoreaction vessel and dried in vacuo for 12 h. Broad-band photolysis of the thin film with a 1000 W Hg lamp was carried out for 4 h under dynamic vacuum (20 mTorr). The residue was taken up in CH 2 Cl 2 , layered with pentane, and cooled to −30°C for 1 h, at which time the solvent was decanted. The residue was dried in vacuo to afford 40.1 mg of the title complex as a yellow solid in 87% yield. 1 Rh 2 (tfepma) 2 (μ-CO)Cl 2 (9) . To a solution of [Rh(CO) 2 Cl] 2 (63.7 mg, 1.64 × 10 −4 mol, 1.00 equiv) in THF (5 mL) at 23°C was added tfepma (160 mg, 3.28 × 10 −4 mol, 2.00 equiv) dropwise as a THF (5 mL) solution. The reaction mixture was stirred at 23°C for 1 h, during which time evolution of bubbles was observed and the color of the reaction mixture turned from orange to dark red. The solvent was removed in vacuo. The residue was dissolved in CH 2 Cl 2 (5 mL), and the solvent was removed in vacuo. The redissolution/evaporation sequence was repeated four times, and the residue was triturated in pentane to afford 176 mg of complex 9 as an orange solid (84% yield). 1 (10) . To a solution of Rh 2 (tfepma) 2 (μ-CO)Cl 2 (9) (120 mg, 9.40 × 10 −5 mol, 1.00 equiv) in THF (2 mL) at 23°C was added AdNC (15.2 mg, 9.40 × 10 −5 mol, 1.00 equiv) dropwise as a THF (1 mL) solution. The reaction mixture was stirred at 23°C for 30 min, and the solvent was removed in vacuo. The residue was taken up in CH 2 Cl 2 (2 mL), and PhICl 2 (28.4 mg, 1.03 × 10 −4 mol, 1.10 equiv) was added. Hexanes (15 mL) were added, and the reaction mixture was cooled to −30°C for 12 h, at which time 75.3 mg of complex 10 was isolated as an orange crystalline solid (53% yield). Rh 2 (tfepma) 2 AdNC(μ-Cl)Cl 3 (3) . A thin film of trans-7 (52.0 mg, 3.44 × 10 −4 mol, 1.00 equiv) was deposited on the wall of a twochamber photoreaction vessel and dried in vacuo for 12 h. Broad-band photolysis of the thin film with a 1000 W Hg lamp was carried out for 4 h under dynamic vacuum (20 mTorr). The residue was taken up in CH 2 Cl 2 , layered with pentane, and cooled to −30°C for 1 h, at which time the solvent was decanted. The residue was dried in vacuo to afford 48.0 mg of complex 3 as a yellow solid (94% yield). 
■ RESULTS
Photocrystallography. Thin-film TA spectroscopy was used to establish the homology of solution-phase and solidstate photoreactions. Thin films of complexes 1 and 2, dropcast from either THF or CH 2 Cl 2 solutions, showed UV−vis absorption spectra that overlaid with solution spectra of 1 and 2 ( Figure S24 ). The thin films are polycrystalline based on powder X-ray diffraction (1, Figure S22 ; 2, Figure S23 ), but the crystal phase could not be established due to anisotropic orientation of crystallites, which is typical of polycrystalline thin films. 46 TA spectra (λ exc = 355 nm) of these films were recorded at 1 μs delay and show similar features to those observed in solution-phase TA spectra of these complexes, confirming the formation of the same photointermediate in both solution and solid state (Figure 2 ).
Steady-state photocrystallography experiments were performed at the Advanced Photon Source (APS) housed at Argonne National Laboratory (ANL) using synchrotron radiation (0.41328 Å) and a 365 nm LED light source (5 mW power measured at the crystal). A photodifference map was generated by comparing diffraction data obtained for a single crystal of Rh 2 [I,III] complex 1 in the dark with diffraction data obtained for the same crystal during irradiation ( Figure  3a) . The crystal was not moved between the acquisitions of the two data sets and thus the orientation matrix was unchanged during the experiment. The difference map showed the presence of a photoinduced structure populated at 5.7(9)% of the crystal. Examination of the structural perturbations in the photoinduced structure shows ligand reorganization that would be anticipated during a migration of one of the chloride ligands to a bridging position; key metrics include the Rh Table S4 ).
The extent of laser heating of the sample during data acquisition was examined by comparing the size of thermal ellipsoids of atoms not involved in the primary photoreaction (i.e., N-atoms in the phosphazane ligand) with the size of thermal ellipsoids for the same atoms as a function of temperature. 47 On the basis of this analysis, laser heating warmed the single crystal of 1 from 15 to ∼250 K ( Figure S18 ). The metrical parameters of 1 do not show significant temperature-dependent variation (Table S2 ), confirming that the difference map arises from photochemical, not thermal, effects.
The photoinduced structure derived from complex 1 was accessed rapidly during irradiation. Comparison of specific reflections from the structures obtained in the dark and under illumination revealed a set of reflections that showed substantial intensity changes upon irradiation. Examination of these particular reflections as the light was turned on showed that the intensity changes as a step function: the intensity increased rapidly relative to data collection and then reaches a steadystate value during irradiation ( Figure S19) .
A steady-state photocrystallography experiment was also performed using a single crystal of Rh 2 accompanied by substantial elongation of the Rh−Cl bond (2.378(2) to 2.57(8) Å). The photoinduced geometry could be identified in the photodifference map generated from 2, but full-molecule disorder in the available single crystals of 2 precluded determination of the population of the photoinduced structure. Variable-temperature crystallography experiments performed on a single crystal of 2 confirm that the observed structural effects are photoinduced, not thermally promoted. Similar to experiments carried out with complex 2, the photoinduced structure is accessed rapidly relative to data acquisition. Upon cessation of irradiation, the photoinduced structure is no longer observed in the photodifference map, indicating that the photoinduced state is accessed only during steady-state irradiation.
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Computational Results. Natural bond order (NBO) calculations were undertaken to evaluate the electronic structure of the dirhodium complexes investigated in this study. Herein, computed structures are referred to by letter, not compound numbers (i.e., A is the computed structure of 1). In each of A, B, and C (i.e., computed structures of 1, 2, and 3, respectively), the highest-occupied NBO is Rh−Rh bonding. The Rh−Rh bond in A is polarized, as would be expected of a dative bond between a d 6 As opposed to solution photochemistry, free ligand dissociation during photocrystallography experiments is not possible because ligand motions are constrained by the crystal matrix. 50 To probe the impact of restricted isocyanide ligand dissociation, the geometry of Rh 2 [I,III] structure A was evaluated as a function of M−L bond length. The results are tabulated in Table 2 and show that small perturbations of the a Sum of E 0 (C) and E 0 (MeNC). The synthetic chemistry and X-ray characterization of these complexes is summarized in Figure 5 .
Table 2. Computed Bond Metrics as a Function of M−L Distance
Entry into this suite of Rh 2 carbonyl complexes was gained by treatment of [Rh(CO) 2 Cl] 2 with tfepma in THF, which resulted in the formation of Rh 2 [0,II] carbonyl complex 6 in 98% yield ( Figure 5 ). Two features of 6 are notable. First, the complex displays rapid ligand fluxionality at 23°C, as evidenced by observation of a single resonance in the 31 P NMR spectrum of 6 at 23°C. Variable-temperature (VT) 31 P NMR of 6 between −97 and 23°C shows that at temperatures below −65°C two 31 P NMR resonances are resolved, consistent with the two-electron mixed-valence formulation indicated by singlecrystal X-ray diffraction. Second, one of the carbonyl ligands of 6 is labile. Evaporation of reaction solvent results in isolation of μ-CO−Rh 2 [I,I] monocarbonyl complex 9, the product of CO dissociation.
Treatment of PhCH 3 solutions of 6 with PhICl 2 results in a mixture of cis-and trans-7. Heating this mixture of Rh 2 [II,II] complexes at 80°C leads to isomerization of cis-7 to trans-7, which was isolated in 79% yield. trans-7 is an analogue of Rh 2 [II,II] complex 2 in which the AdNC ligands of 2 have been replaced by CO ligands. Our contention that complexes supported by volatile ligands would participate in solid-state photochemistry was probed by irradiation of a thin film of trans-7 under vacuum (20 mTorr). Solid-state photolysis led to the expulsion of a CO ligand and the formation of Cl-bridged monocarbonyl complex 8 in 87% yield. Single-crystal X-ray diffraction of the photoproduct confirmed a μ-Cl-Rh 2 geometry for 8, similar to previously synthesized isocyanide supported Clbridged structures. 19 Solution-phase photolysis of trans-7 in THF also led to the rapid conversion to 8, as established by monitoring the reaction by UV−vis spectroscopy (Figure 6a) .
Photolysis of monocarbonyl Rh 2 complex 8 in THF results in the disappearance of the UV−vis features of 8 and the evolution of features attributable to complex 9, the product of Figure 5 . Synthesis of a suite of Rh 2 carbonyl complexes. Thermal ellipsoid plots of 6−9 in which solvent molecules, H atoms, and −CH 2 CF 3 groups have been removed for clarity. Ellipsoids are drawn at 50% probability. two-electron photoreduction (Figure 6b ). Complex 9 produced by photolysis of 8 displayed identical spectral features to those of an authentic sample prepared by removal of a CO ligand from complex 6 under vacuum. Monocarbonyl complex 9 is converted to dicarbonyl Rh 2 complex 6 by exposure to 1 atm of CO in 99% yield.
Access to Rh 2 monocarbonyl complex 9 provided an avenue toward synthesis of AdNC-supported μ-Cl-Rh 2 intermediate 3.
Treatment of monocarbonyl complex 9 with 1 equiv of AdNC, followed by oxidation with PhICl 2 led to Rh 2 [II,II] complex 10, supported by one AdNC and one CO ligand (Figure 7) . Solidstate photolysis of 10 under vacuum led to the expulsion of the CO ligand and isolation of μ-Cl-Rh 2 complex 3. Prepared from 10, complex 3 was indefinitely stable and could be independently characterized. Subtraction of the extinction spectra of complexes 1 and 2 from the extinction spectrum measured for 3 confirmed that the photointermediate observed in the TA spectra of 1 and 2 is indeed Cl-bridged complex 3 ( Figure 8 ).
■ DISCUSSION
Photochemical HX splitting, in which H + reduction to H 2 is coupled to X − oxidation to X 2 , offers a paradigm for the construction of a closed, carbon-neutral cycle for solar energy conversion. Halogen elimination accounts for the majority of the energy stored in HX-splitting cycles, and this half-reaction typically has been the roadblock to development of authentic HX-splitting photocatalysis. 16 When halogen elimination is achieved, chemical traps are frequently required to sequester the evolved halogen. 51−55 The use of chemical traps provides a thermodynamic driving force for photoreduction and obviates significant energy storage. Trap-free halogen elimination chemistry has been realized in the solid state, 57−59 but, as of yet, no system is available for which both proton reduction and solid-state halide oxidation are facile.
Our group has developed dirhodium complexes on the hypothesis that mixed-valent complexes will give rise to the requisite multielectron photoreactions. Families of phosphazane-bridged complexes have been developed, and they display the targeted multielectron chemistry, but catalysts that accomplish authentic HX splitting to afford both H 2 and X 2 in the absence of chemical traps have proven to be elusive. Rational development of new HX-splitting platforms has been limited by a dearth of information regarding the mechanism of halogen elimination, thus establishing an imperative for an understanding of the critical steps preceding halogen elimination.
To this end, the results reported herein provide direct insight into the nature of intermediates that promote halogen elimination from bimetallic centers. Halogen elimination proceeds from a common photointermediate for HX-splitting photocatalysis that is promoted by either Rh 2 [I,III] complex 1 or Rh 2 [II,II] complex 2. Solution-phase, nanosecond-resolved TA spectroscopy has provided evidence for this photointermediate, but its structure has not been established. 19 We have employed photocrystallography to directly probe photoinduced structural changes associated with halogen photoelimination by X-ray diffraction. 60−64 Such experiments are particularly attractive given that solid-state halogen elimination reactions provide inroads to authentic halogen elimination reactions. 57−59 To use photocrystallography reliably to gain insight into the structures of reaction intermediates in solution, the same photointermediates must be accessed in the solid state. The thin-film, nanosecond-resolved TA measurements shown in Figure 2 . Synthesis of Cl-bridged complex 3 by CO photoextrusion from complex 10. Thermal ellipsoid plots of 3 and 10 in which H atoms, −CH 2 CF 3 groups, and adamantyl group from 10 have been omitted for clarity. Ellipsoids are drawn at 50% probability. Spectral evolution for the photolysis of 10 in THF (λ exc > 305 nm) shows conversion to 3 from CO extrusion. DFT calculations lend support to the structural changes observed by photocrystallography. Specifically, in solutionphase experiments, photodissociated ligands can diffuse away from the transition metal fragment, whereas in the solid state, free diffusion is not possible. Our calculations support the contention that in solution complete dissociation of photoextruded ligands will lead to the formation of chloride-bridged structure 3 (Figure 4 ). In the solid state, ligand diffusion is constrained and thus, while M−L bond elongation is achievable, complete dissociation is not possible. We modeled this scenario by evaluating the effect of M−L bond elongation of the geometry of the binuclear core and found that at small elongations of the M−L bond partial migration of a chloride ligand toward a bridging configuration was observed ( Table 2 ).
The observation of incomplete ligand migration by photocrystallography emphasizes the rigorous demand of solid-state photoreactions, in which dissociation and diffusion of ligands are not typically possible; the presence of AdNC ligands prevents access to a complete rearrangement to a halidebridged structure. Management of solid-state ligand inventory was achieved by replacing AdNC ligands with small, volatile CO ligands ( Figure 5 ). This strategy was predicated on the hypothesis that a small, volatile ligand such as CO could be removed as a gas during solid-state photochemistry. Photolysis of trans-7, an analogue of 2 in which the AdNC ligands are replaced by CO ligands, initially affords chloride-bridged complex 8, which confirms that photoextrusion of an L-type ligand initially generates a halide-bridged complex (Figure 6a ). The halide-bridged complex appears as an intermediate in an interrupted halogen elimination reaction, as further irradiation of 8 led to the isolation of Rh[I,I] complex 9, which arises from two-electron photoreduction of 8 (Figure 6b) .
The two-step reaction sequence, ligand loss to generate a ligand-bridged intermediate followed by two-electron photoreduction, represents an intramolecular example of the two steps of canonical binuclear elimination mechanisms. Binuclear reductive elimination reactions, originally defined in the context of elimination of alkanes and aldehydes from binuclear metal alkyl or acyl complex, 20,21 are proposed to proceed via (1) generation of an open coordination site on the metal alkyl complex by either ligand dissociation or migratory insertion, (2) intermolecular reaction of the unsaturated fragment with a metal hydride to generate a hydride-bridged intermediate, and (3) migration of the alkyl or acyl group onto the bridging hydride to generate the observed organic products as well as binuclear transition metal complexes (eq 1).
65−67 Such binuclear elimination has been proposed for complexes based on most of the transition metal series, 68−72 and it is proposed to be operative during both Co-and Rh-catalyzed hydroformylation reactions under some conditions. 20,73−80 We have previously proposed a binuclear reductive elimination mechanism for the H 2 evolution step of HX-splitting catalysis with phosphazane-bridged Ir 2 complexes. 81 On the basis of the results shown in Figures 2, 3 , and 5, we now observe that a similar mechanism may be operative for halogen photoelimination.
To firmly establish a binuclear elimination pathway for halogen photoelimination from AdNC-supported complexes 1 and 2, we sought to directly prepare and characterize the proposed AdNC-supported chloride-bridged intermediate. While preparation by ligand extrusion from either 1 or 2 was judged to be implausible given the short lifetime measured for 3 under these conditions (∼15 μs), 19 we anticipated that the complex may be isolable if recombination of the photoextruded ligand with the Rh 2 fragment could be avoided. Taking advantage of the solid-state ligand management enabled with CO ligands, we have prepared and isolated complex 3, which is the exact transient intermediate that would be generated during halogen elimination from complexes 1 and 2. We note that chloride-bridged complex 3 is furnished directly by the extrusion of one equivalent of CO upon the solid-state photolysis of 10, an analogue of 2 in which the Rh 2 core is supported by one AdNC and one CO ligand (Figure 7) . With the absorption spectrum of 3 in hand, Figure 8 shows that the TA spectra obtained by laser flash photolysis of 1 or 2 is closely replicated by computing the difference spectra expected based on the experimentally measured ground-state absorption spectra of 1−3.
The confirmed intermediacy of 3 in halogen elimination from 1 and 2 demonstrates that halogen elimination proceeds by a canonical binuclear elimination pathway in which both steps, ligand dissociation to afford a ligand-bridged intermediate and subsequent M−X bond activation, can be directly observed. To our knowledge, the chemistry reported herein is the first instance in which these two steps of binuclear elimination have been directly observed. Photoreduction of 3 may proceed by concerted or stepwise elimination.
The results reported herein offer evidence that X 2 elimination from Rh 2 complexes proceeds via ligand-bridged intermediates, and, accordingly, they inform next-generation catalyst design. Phosphazane-bridged binuclear complexes have been proposed to facilitate ligand rearrangements to ligandbridged intermediates owing to the ligand's ability to accommodate two-electron changes at the metal core with minimal reorganization energy. 81 The photocrystallography experiments described here support this contention by showing the prevalence of halide-bridged intermediates that preceded M−X bond activation. Although the solid state imposes constraints on the requisite ligand-bridged intermediates, we have leveraged the volatility of carbonyl ligands to allow for the isolation of halide-bridged structures during an interrupted binuclear elimination. This strategy has been exploited to characterize the absorption spectrum of the exact halidebridged intermediate that is observed transiently (<15 μs) during photocatalysis. Because the solid state offers a mechanism to prevent the back reaction of reactive volatile photoproducts such as X 2 , these results suggest that obstacles imposed on photochemical transformations in the solid state might be overcome by clever design of the ligand coordination sphere.
Notes

